In eukaryotes, a key step in the initiation of translation is the binding of the eukaryotic initiation factor 4E (eIF4E) to the cap structure of the mRNA. Subsequent recruitment of several components, including the small ribosomal subunit, is thought to allow migration of initiation complexes and recognition of the initiation codon. Mitogens and cytokines stimulate the phosphorylation of eIF4E at Ser 209 , but the functional consequences of this modification have remained a major unresolved question. Using fluorescence spectroscopy and surface plasmon resonance techniques, we show that phosphorylation of eIF4E markedly reduces its affinity for capped RNA, primarily due to an increased rate of dissociation. Variant eIF4E proteins harboring negatively charged acidic residues at position 209 also showed decreased binding to capped RNA. Furthermore, a basic residue at position 159 was shown to be essential for cap binding. Although eIF4E-binding protein 1 greatly stabilized binding of phosphorylated eIF4E to capped RNA, in the presence of eIF4E-binding protein 1 the phosphorylated form still dissociated faster compared with nonphopshorylated eIF4E. The implications of our findings for the mechanism of translation initiation are discussed.
In eukaryotes, a key step in the initiation of translation is the binding of the eukaryotic initiation factor 4E (eIF4E) to the cap structure of the mRNA. Subsequent recruitment of several components, including the small ribosomal subunit, is thought to allow migration of initiation complexes and recognition of the initiation codon. Mitogens and cytokines stimulate the phosphorylation of eIF4E at Ser 209 , but the functional consequences of this modification have remained a major unresolved question. Using fluorescence spectroscopy and surface plasmon resonance techniques, we show that phosphorylation of eIF4E markedly reduces its affinity for capped RNA, primarily due to an increased rate of dissociation. Variant eIF4E proteins harboring negatively charged acidic residues at position 209 also showed decreased binding to capped RNA. Furthermore, a basic residue at position 159 was shown to be essential for cap binding. Although eIF4E-binding protein 1 greatly stabilized binding of phosphorylated eIF4E to capped RNA, in the presence of eIF4E-binding protein 1 the phosphorylated form still dissociated faster compared with nonphopshorylated eIF4E. The implications of our findings for the mechanism of translation initiation are discussed.
In eukaryotic cells, all nucleus-encoded mRNAs possess a so-called "cap structure" at their 5Ј-end. This cap consists of a methylated 5Ј-5Ј bound guanosine triphosphate (m 7 GTP) moiety. The cap plays a key role in the translation of the mRNA by permitting recruitment of the eukaryotic initiation factors (eIFs) 1 required for the attachment of the ribosome and correct initiation of translation. The protein that interacts directly with the cap is eIF4E, which forms a complex with the scaffolding protein eIF4G, which in turn recruits other factors. These include eIF4A and eIF4B, which are involved in unwinding secondary structure in the 5Ј-untranslated region of the mRNA, and the poly(A)-binding protein, which by interacting with the 3Ј-tail of the mRNA circularizes it (1, 2) . eIF4E also binds to small regulatory proteins termed eIF4E-binding proteins (4E-BPs). These compete with eIF4G for binding to overlapping sites on eIF4E and thus inhibit formation of initiation complexes (3, 4) .
It has long been known that eIF4E undergoes regulated phosphorylation, and the site has been identified as Ser 209 (5, 6) . Phosphorylation of eIF4E is increased by mitogenic stimuli that activate translation (reviewed in Ref. 7) and by cytokines (8, 9) . Recently, two kinases were identified that phosphorylate Ser 209 in eIF4E and are targets for the mitogen-activated extracellular signal-regulated kinase and stress/cytokine-activated p38 mitogen-activated protein kinase pathways (9 -13) . These enzymes (Mnk1 and Mnk2) also associate with eIF4G in vivo (11, 12, 14) . Despite these advances and the large number of studies on the changes of eIF4E phosphorylation in vivo, the key issue of the effect of phosphorylation on the function of eIF4E has received little attention and has remained a major question in the field. The crystal structure of mammalian eIF4E in its nonphosphorylated form (15) suggests that Ser 209 lies close to a cleft in the protein through which the mRNA may "exit" and opposite to a lysyl residue (Lys 159 ). This led to speculation that, by introducing a negatively charged group, phosphorylation of Ser 209 might allow a salt bridge to form with Lys 159 , thus leading to "cleft closure" and allowing tighter binding of eIF4E to capped mRNAs. However, the effects of phosphorylation on eIF4E function using quantitatively phosphorylated eIF4E have not previously been measured.
Here we exploit the availability of highly active preparations of an authentic eIF4E kinase, Mnk2, to produce stoichiometrically phosphorylated eIF4E. We find, counter to a previous report (16) , that phosphorylation of eIF4E diminishes its ability to bind cap analogue or capped mRNA, and we propose a new model for the role of eIF4E phosphorylation during translation initiation.
EXPERIMENTAL PROCEDURES
Plasmids-pEBG-Mnk2 and pEBG-Mnk1T2A2 (both kindly provided by Dr. A. Waskiewicz, University of Washington, Seattle, WA) were transfected into human embryonic kidney 293 cells. The expressed glutathione S-transferase fusion proteins for wild type Mnk2 (as a source of active eIF4E kinase) and Mnk1-T2A2 (dead kinase) were purified on glutathione-Sepharose beads. The washing procedure for the beads included two wash steps with 0.5 M lithium chloride to prevent co-purification of mitogen-activated protein kinase.
Vectors encoding the S209A, S209D, and S209E variants of eIF4E (a gift from Dr. M. Underhill, University of Kent, UK) were created by PCR with the desired mutation in the downstream primer. eIF4E K159M, K159R, and R157K were generated using the QuikChange® system from Stratagene. Wild type eIF4E and the variants were expressed in Escherichia coli and purified as described earlier (17) . Recombinant His-tagged 4E-BP1 was a kind gift from Manjur Karim (University of Manchester Institute of Science and Technology, Manchester, UK). Isoelectric focusing was performed as described (18) .
Phosphorylation of eIF4E-The concentrations of the recombinant proteins were determined using the protein assay reagent from BioRad. Recombinant eIF4E was phosphorylated in vitro in reactions containing glutathione S-transferase-Mnk2, 20 mM Hepes⅐KOH, pH 7.5, 100 mM KCl, 10 mM MgCl 2 , 200 M ATP, 0.1 mM EDTA, 25 mM ␤-glycerophosphate, 0.5 mM sodium vanadate, and 1 mM dithiothreitol at 30°C overnight. Glutathione S-transferase-Mnk2 was used, since this kinase has a high basal activity in unstimulated cells (12) . As a control for possible loss of eIF4E to walls of tubes or loss of activity, incubations were also performed in parallel using the inactive T2A2 variant of Mnk1 (10) . After the reactions, the kinases were removed by spinning down the glutathione-Sepharose and followed by careful removal of the supernatant. The kinases were undetectable in the final eIF4E batches by Western blotting with antibodies against the glutathione S-transferase moiety. In a similar fashion, we did not detect eIF4G, which could have co-purified with the glutathione S-transferase-Mnks, in the preparations of mock-phosphorylated and phosphorylated eIF4E. m 7 GTP-Sepharose Pull-downs-Recombinant wild type eIF4E, either untreated, mock-phosphorylated, or phosphorylated, or variant forms of eIF4E in a volume of 30 l were incubated with 15 l of m 7 GTP-Sepharose (1:1 slurry (Amersham Biosciences)) and 15 l of Sepharose CL-4B (Sigma) for 1 h at 4°C while shaking at 1000 rpm in an Eppendorf thermomixer. After this incubation, the beads were spun down at 13,000 ϫ g for 20 s, and the supernatant was carefully transferred to a new tube and diluted with SDS-PAGE sample buffer. The Sepharose beads were washed three times with 500 l of buffer containing 20 mM Hepes⅐KOH, pH 7.5, 100 mM KCl, 0.1 mM EDTA, 25 mM ␤-glycerophosphate, 0.5 mM sodium vanadate, and 1 mM dithiothreitol. The beads were resuspended in SDS-PAGE sample buffer. Unbound and bound eIF4E were analyzed by SDS-PAGE electrophoresis and Coomassie staining.
Surface Plasmon Resonance (SPR)-All SPR experiments were performed using a BIAcore 3000. An NTA Sensor Chip (BIAcore) was used for immobilizing His 6 -tagged 4E-BP1. Injection of the His 6 -tagged 4E-BP1 (300 nM in eluent buffer (10 mM HEPES, pH 7.5, 300 mM KCl, 50 M EDTA, and 0.01% P20 (a nonionic surfactant (Biacore)) resulted in a response of ϳ200 resonance units for the immobilized protein. eIF4E was then injected in the same buffer. The chip was regenerated after each cycle with 350 mM EDTA in the eluent buffer. All measurements were performed at a flow rate of 30 l/min at 25°C. The response of the nickel-coated chips without the immobilized protein was subtracted from the response obtained with the protein-coated chips. The resulting curves were evaluated using the BIA Evaluation software package.
Biotinylated capped and uncapped RNAs were prepared by in vitro transcription in the presence or absence of m 7 GpppG, respectively, with the same template as described previously (19) , which was kindly provided by Dr. Tobias von der Haar (University of Manchester Institute of Science and Technology, Manchester, UK). The RNAs contain only one uridine (in the 3Ј-end), allowing synthesis of singly 3Ј-biotinylated transcripts. The RNAs were diluted in 20 mM HEPES, pH 7.4, 100 mM KCl, 2 mM MgCl 2 , 0.05% P20 and denatured for 5 min at 95°C, immediately cooled on ice, and subsequently immobilized on Sensor Chip SA (streptavidin) chips (Biacore) at a flow rate of 5 l/min for 6 min. The binding of (phosphorylated) eIF4E was performed in 20 mM HEPES, pH 7.4, 100 mM KCl, 2 mM MgCl 2 , 100 g/ml calf liver tRNA (Roche Molecular Biochemicals), 0.05% P20. All further injections were carried out at 25 l/min for 2 min. Where required, regeneration was performed with 30 l of binding buffer containing 2 M KCl and 0.1 mM m 7 GTP. The response from the RNA-coated channels was constant, indicating that the RNAs were not degraded over the course of the experiments. The RNA-coated chips could even be reused the next day. The resulting curves were evaluated using the BIA Evaluation software package and globally fitted (1:1 Langmuir binding). 2 values for the fits were on the order of 0.4 -1.2. Analysis of data obtained at different flow rates (5 or 75 l/min) resulted in very similar K d values, indicating that the results were not affected by mass transfer limitations.
Fluorescence Intensity Measurements-All fluorescence titrations were performed using a Spex Fluorolog 2 spectrofluorimeter. The intrinsic tryptophan fluorescence of the protein was measured by exciting at either 280 or 295 nm, and the emission wavelength was 345 nm. Polarizing filters oriented at the magic angle were used to reduce scatter. All fluorescence intensities were corrected when necessary for the inner filter effect as described previously (20) . The dissociation equilibrium constants were obtained by fitting the titration data as previously described (20) . Nonlinear least-squares fitting of the data was performed using KaleidaGraph software (Version 2.1.3; Abelbeck Software).
RESULTS
Preparation of Phosphorylated eIF4E-Human eIF4E was expressed in E. coli, isolated, refolded, and purified on m 7 GTPSepharose (17) . To prepare phosphorylated eIF4E (termed "eIF4E(ϩP)"), the purified recombinant protein was incubated with Mnk2 (made in 293 cells) and ATP/MgCl 2 . This resulted in phosphorylation of the eIF4E to almost 100% as revealed by isoelectric focusing analysis (Fig. 1A ). Mnk2 phosphorylates eIF4E exclusively at Ser 209 (12) . As a control for any effect of adding the kinase preparation itself, eIF4E was incubated with a catalytically inactive Mnk1 ("T2A2") (11) . eIF4E treated in this way remained completely unphosphorylated (Fig. 1A) . Throughout this study, the term "eIF4E(ϪP)" indicates this "mock-phosphorylated" material as distinct from untreated factor (designated "eIF4E"). Analysis of the binding of these eIF4E preparations to m 7 GTP-Sepharose showed that Mnk2 treatment did not prevent eIF4E from binding to immobilized cap analogue (Fig. 1B) .
Some concern has been raised whether the cap analogue, used during purification of recombinant eIF4E, is fully removed upon dialysis (21) . Therefore, the binding of the various recombinant proteins to cap analogue or capped RNA could be affected by differing amounts of bound m 7 GTP remaining from the purification procedure. To exclude this possibility, wild type and variant eIF4Es were again expressed in E. coli and purified as described. However, in this case they were eluted from m 7 GTP-Sepharose with 10 mM GTP (instead of 100 M m 7 GTP) for which eIF4E has much lower affinity. It is therefore thought to be removed more efficiently by dialysis. The various forms of eIF4E prepared in this way, including the Mnk2-phosphorylated protein, showed similar binding characteristics for m 7 GTP-Sepharose as shown to those in Fig. 1B for the m 7 GTP-eluted protein and yielded almost identical K d values for capped RNA binding to that by SPR analysis as reported in Fig. 3 (data not shown).
FIG. 1. Preparation of eIF4E for SPR analysis.
A, analysis of wild-type eIF4E and S209 variants. Left, recombinant eIF4E was treated with either inactive kinase (Mnk1 T2A2) or with active kinase (Mnk2) as described under "Experimental Procedures" and analyzed by IEF and Western blotting with antibodies against eIF4E. The positions of nonphosphorylated and phosphorylated eIF4E and the polarity (ϩ/Ϫ) are indicated. Right, recombinant wild type eIF4E and the indicated variants were analyzed by isoelectric focusing (polarity indicated) and Western blotting. B, phosphorylated eIF4E binds efficiently to m 7 GTP. Upper panel, 2 g of either untreated recombinant eIF4E, nonphosphorylated recombinant eIF4E (Mnk1T2A2-treated), or phosphorylated recombinant eIF4E (Mnk2-treated), were incubated with m 7 GTP-Sepharose as described under "Experimental Procedures." The unbound (s, supernatant) and the m 7 GTP-Sepharose bound (p, pellet) eIF4E were analyzed by SDS-PAGE and Coomassie staining. Lower panel, binding of 1 g of untreated recombinant wild type eIF4E or the indicated variants to m 7 GTP-Sepharose was analyzed as described above. Fig. 1B shows that unphosphorylated and mockphosphorylated, as well as several variants of eIF4E that will be used in the experiments described below, are properly folded, as judged by their ability to bind to m 7 GTP-Sepharose. However, this approach cannot be used to perform accurate quantitative studies on the affinity of eIF4E for the cap.
Phosphorylation of eIF4E Impairs Its Ability to Bind Cap Analogue-
We examined possible differences between different forms of eIF4E in their binding to cap analog (m 7 GTP) by fluorescence intensity measurements. Similar fluorescence titrations have been used previously to study the interaction between eIF4E and a variety of cap analogues (see, for example, Refs. 22 and 23), and this approach was also employed by Minich et al. (16) in their study on the effects of eIF4E phosphorylation.
When untreated eIF4E was compared with in vitro phosphorylated eIF4E, the phosphorylated factor showed a 2.5-fold lower binding affinity for m 7 GTP (K d ϭ 610 nM) than the native eIF4E (K d ϭ 260 nM). The results of titrations of each protein are shown in Fig. 2 . These titrations were performed at a protein concentration of 500 nM for each protein to permit direct comparison of the two curves. Titration experiments with the mock-treated eIF4E gave a similar K d value (300 nM) to that obtained for the untreated recombinant protein.
A widely used approach for addressing the effects of phosphorylation of specific sites in proteins is to create nonphosphorylatable variants or to introduce an acidic residue at the site. We therefore mutated the cDNA to encode either an uncharged residue at position 209 (S209A) or an acidic residue (S209D or S209E). These variants of eIF4E were expressed in E. coli. As expected, the acidic variants showed a more acidic pI on IEF analysis than wild type eIF4E or the S209A variant protein (Fig. 1A) . Fluorescence measurements with these three variant proteins and m 7 GTP were performed in a similar way as that described for unphosphorylated and phosphorylated eIF4E in the legend to Fig. 2 . The derived K d values from these titrations are summarized in Table I . Apparently, in this assay, the acidic side chains of the S209D and S209E variant proteins do not affect the binding to m 7 GTP, and these variants do not mimic phosphorylated eIF4E.
Phosphorylation of eIF4E Markedly Impairs Its Ability to Bind Capped RNA-To confirm and extend our finding that phosphorylated eIF4E has a reduced affinity for the cap, we employed SPR. In particular, we considered it important to mimic the physiological ligand, capped mRNA. To this end, a synthetic mRNA containing a 5Ј-cap was synthesized. This RNA possessed a biotinylated nucleotide at its 3Ј-end and was immobilized onto a streptavidin chip. A noncapped version of the RNA was immobilized onto a second channel as a negative control. A similar approach to study the interaction between eIF4E and the cap structure has been used before (24) . eIF4E in its unphosphorylated or phosphorylated states (Fig. 3A) was applied to the chip surface, and the resonance signals were monitored. eIF4E(ϪP) clearly bound to the capped mRNA, and, when the flow was changed to buffer lacking eIF4E, the bound eIF4E dissociated with a half-time of ϳ15 s, showing that it readily dissociates (Fig. 3A) . Analysis of data from three separate experiments (each employing four or six different eIF4E concentrations) revealed an apparent binding constant for eIF4E(ϪP) of 1.2 ϫ 10 Ϫ7 M. The binding constant for untreated recombinant eIF4E (Fig. 3B) was very similar to the one for eIF4E(ϪP), demonstrating that the "mock phosphorylation" does not affect the binding of eIF4E to capped RNA.
When eIF4E(ϩP) was used, very little net binding to capped RNA was observed (Fig. 3A) . The steady state level of binding was about 20% of that seen with a similar amount of eIF4E(ϪP). The small signal and very fast association and dissociation rates for eIF4E(ϩP) made it difficult to obtain a reliable (apparent) binding constant, although comparison of several sets of experiments shows that the binding affinity of eIF4E(ϩP) for capped RNA is 5-10-fold lower than that of eIF4E(ϪP). This decreased affinity reflects a substantial increase in the dissociation rate (see also Table II) . Also, the on-rate is very quick, even quicker than for eIF4E(ϪP) and untreated recombinant eIF4E. The opposite would have been anticipated if phosphorylation causes a so-called "cleft closure," as speculated by others (15) . In the presence of 4E-BP1, phosphorylated eIF4E does bind to capped RNA (see below), which also argues against cleft closure as an explanation of the effects we have measured for phosphorylation of eIF4E on cap binding. eIF4E(S209A) bound to capped mRNA with similar affinity to eIF4E(ϪP) or untreated eIF4E (Fig. 3B) . The side chain hydroxyl group of Ser 209 therefore does not itself appear to be important for the interaction between eIF4E and capped mRNA. Treatment of S209A with active Mnk2 did not affect its binding to capped RNA (data not shown). This implies that the observed effects upon incubation of recombinant wild type eIF4E with active kinase are indeed due to phosphorylation and are not caused by an unknown effect of the kinase treatment.
Acidic Residues Partially Mimic the Effect of Phosphorylation on Binding to Capped RNA-The acidic variants S209D and S209E each showed some ability to bind capped RNA ( 
GTP interaction
Data obtained by fluorescence titration were analyzed as described in Fig. 2 and under "Experimental Procedures." Curves were obtained from two experiments with each three concentrations (500, 450, and 400 nM for phosphorylated and at 500, 300, and 200 nM for nonphosphorylated proteins). All of these curves were fit to obtain the K d values. ing a 3-fold reduction in binding affinity relative to wild-type eIF4E. Thus, changing Ser 209 to Asp or Glu does appear partially to mimic phosphorylation in the case of this interaction, but the effects of the acidic residues are smaller than those of phosphorylation itself.
The data strongly indicate that phosphorylation of eIF4E weakens its binding to capped mRNA. These data are initially surprising given the predictions from the crystal structure concerning a salt bridge between Ser(P) 209 and Lys 159 , which was expected to increase cap binding. In contrast, it appears that introduction of negative charge in the region of the proposed mRNA exit site impairs the affinity of eIF4E for capped FIG. 3 . SPR analysis of eIF4E/capped RNA interactions. A, phosphorylation of eIF4E decreases its affinity for capped mRNA. Uncapped and capped transcripts were immobilized to two separate flow paths of a streptavidin chip as described under "Experimental Procedures," and binding of unphosphorylated and phosphorylated eIF4E to both flow paths was then analyzed. Subtraction of the signal for uncapped RNA from the signal for capped RNA yields the data shown in each panel, which thus represents specific binding to capped RNA. Apparent binding constants (nM) were derived by globally fitting the curves using the Biacore software. The K d value represents the average and S.D. of three experiments in which either four or six concentrations (as shown in these panels) of eIF4E were used. B, acidic residues at position 209 partially mimic phosphorylation. The indicated forms of eIF4E were tested as described for A. The K d value represents the average and S.D. derived from three experiments in which either three or six concentrations (as shown in these panels) of eIF4E were used. C, a positive charge at position 159 and an arginine at position 157 are important for capped RNA binding. The indicated forms of eIF4E were tested as described for A. The apparent binding constants were derived from two experiments in which six concentrations were used. The range between the two obtained values is indicated. In all panels, the superimposed curves are derived from experiments using 500, 200, 100, 50, 20, and 10 nM eIF4E. mRNA. To study the role of Lys 159 itself in capped mRNA binding, we mutated it to an uncharged but sterically similar residue (Met). Although this variant retained the ability to bind m 7 GTP-Sepharose (Fig. 1B) , indicating that it was properly folded, the binding of eIF4E(K159M) to capped RNA was even weaker than that of eIF4E(ϩP) (Fig. 3C ). This suggests that Lys 159 plays an important role in the stable interaction of eIF4E with capped RNA, perhaps through the interaction of its positively charged side chain with negatively charged phosphate groups on the RNA. To test this idea, the lysine at position 159 was replaced by an arginine, and the resulting recombinant protein was tested for binding to capped RNA (Fig. 3C ). This variant bound to the capped RNA with the same affinity as wild type eIF4E, strengthening the idea that a positive charge at this position is indeed essential. Alignment of 30 eIF4E sequences from 20 different species revealed that in eIF4E sequences from wheat, rice, and maize an arginine is indeed present at this position (data not shown). Among these 30 eIF4E proteins, an arginine at position at 157 was completely conserved. To test whether a positive residue at this position was sufficient for eIF4E function, this arginine was mutated to lysine, and the resulting recombinant protein was again tested. Binding to m 7 GTP-Sepharose seemed to be somewhat affected by this arginine to lysine substitution (see Fig.  1B ), whereas binding of capped RNA was severely compromised (Fig. 3C, R157K) . Apparently, an arginine at this position is of critical importance for the ability of eIF4E to bind capped RNA.
Phosphorylation of eIF4E Does Not Affect Its Binding to 4E-BP1-To assess the effect of phosphorylation of eIF4E on its other binding properties, we employed SPR to analyze the interaction between eIF4E and its binding partner, 4E-BP1. Histidine-tagged 4E-BP1 was immobilized on the NTA chip, and eIF4E was passed over it. A lane lacking immobilized 4E-BP1 served as negative control; signals from this lane were subtracted from those from the first lane to obtain net binding. Comparison of eIF4E(ϩP) and eIF4E(ϪP) samples showed no difference in the kinetics of binding or dissociation of the eIF4E (Fig. 4) . For both eIF4E preparations, a binding constant of 1.1 ϫ 10 Ϫ8 M was determined using the Biacore evaluation software to fit the three curves (global fit, 1:1 Langmuir binding). These values are in very good agreement with those reported by Ptushkina et al. (19) (1.0 Ϯ 0.4 ϫ 10 Ϫ8 ). Thus, phosphorylation of eIF4E does not appear to influence its ability to interact with 4E-BP1. Since the same region of eIF4E is involved in its interactions with 4E-BP1 and eIF4G (1, 19) , it is highly likely that phosphorylation of eIF4E also does not affect binding to eIF4G, although we have been unable to test this directly.
4E-BP1 Stabilizes the Binding of Phosphorylated eIF4E to
Capped mRNA-Since eIF4E interacts with other proteins in vivo (eIF4G, 4E-BPs), it was important to examine whether they modified the effect of phosphorylation on the binding of eIF4E to capped RNA. Association of eIF4E with 4E-BP1 or eIF4G has been shown to stabilize its interaction with capped mRNA (19, 21) . Consistent with this, association of eIF4E with 4E-BP1 reduced its rate of dissociation from capped RNA by 70-fold (Table II) . Similarly, coinjection of 4E-BP1 also led to a decreased rate of dissociation of eIF4E(ϩP) from capped mRNA, in this case by about 150-fold. However, in the presence of 4E-BP1, eIF4E(ϩP) still dissociated 5 times more rapidly from the capped mRNA than did eIF4E(ϪP). Dissociation of the acidic variant proteins was stabilized about 100-fold by 4E-BP1, resulting in an approximately 4-fold faster off-rate than for unphosphorylated eIF4E in the presence of 4E-BP1.
DISCUSSION
The present data show quantitatively that phosphorylation of eIF4E decreases its ability to bind to cap analog and to capped RNA. In particular, phosphorylation of eIF4E seems to increase the rate of dissociation of eIF4E from the cap analogs or capped RNA. Entirely consistent with this, we find that substitution of Ser 209 by either of two acidic residues has a similar, but smaller, effect on binding to capped RNA. This result was unexpected for two reasons. First, the phosphorylation of eIF4E generally occurs under conditions in which translation is activated, giving rise to the idea that phosphorylation would enhance the biological activity (i.e. cap binding) of eIF4E. Second, Minich et al. (16) have reported that phosphorylated eIF4E (resolved from the nonphosphorylated protein on RNA-cellulose) exhibited increased affinity for cap or capped mRNA. However, it is unclear whether their preparations of unphosphorylated and phosphorylated eIF4E contained additional proteins (e.g. 4E-BPs or eIF4G) that may Fig. 3 ) separately. Dissociation rates of eIF4E in the presence of 4E-BP1 were derived from SPR curves after injection of a mixture of 80 nM eIF4E with varying concentrations of 4E-BP1 (30 -400 nM) followed by dissociation in buffer. have differed between the two preparations. This could have substantially influenced the binding of eIF4E to its ligand (21, 24, 25) . Here we show, using the same fluorescence titration technique with well defined recombinant eIF4E preparations and an authentic kinase, that phosphorylation of eIF4E reduces its affinity for the cap structure about 3-fold. In our experience, for reasons unknown, the use of recombinant eIF4E in these assays results in much tighter binding constants than with native eIF4E, purified from, for example, wheat germ or erythrocytes (22, 23) . The findings from the fluorescence measurements were substantiated by using surface plasmon resonance and very clearly showed that phosphorylation of eIF4E reduced its binding affinity. One explanation for this effect could be the introduction of a negative charge in the region of eIF4E that is adjacent to the negatively charged phosphate groups of the RNA, as discussed below. This also offers an explanation for the more pronounced effects that were observed upon phosphorylation of eIF4E or replacement of Ser 209 by an acidic residue in the SPR analysis compared with the fluorescence measurements. In the latter experiments, m 7 GTP was used as ligand, and additional effects of the interaction between residues in eIF4E and the RNA cannot be measured in these assays. For example, in the SPR assays, replacement of Ser 209 by an acidic residue partially mimicked phosphorylation, while in the fluorescence titration measurements such substitutions had no effect. This difference suggests that the acidic side group creates an electrostatic repulsion with the RNA.
Inspection of the crystal structure of mammalian eIF4E led to the suggestion that phospho-Ser 209 might form a salt bridge with Lys 159 , thus clamping eIF4E on the mRNA (15) . However, since the electron density for the side chain of Lys 159 was not well defined and the position of its ⑀-amino group was not determined, this idea was essentially speculative. The reduced ability of eIF4E K159M to bind to capped RNA in the SPR experiments indicates that Lys 159 is indeed an important positive determinant of RNA binding. Structural analyses of yeast eIF4E by NMR (26) and mouse eIF4E by crystallography (15) revealed that the second and third phosphate groups of m 7 GDP or m 7 GTP interact with several positively charged residues in the region of eIF4E containing Lys 159 . This probably explains why substitution of this residue with an uncharged one markedly weakens the binding of the protein to the capped oligomer, as described here. Furthermore, replacement of this lysine by arginine did not affect the ability of eIF4E to bind to capped RNA, also implying that a positive charge at this position is sufficient for eIF4E function. It should be noted that in the analysis of the crystal structure of eIF4E, m 7 GDP rather than m 7 GTP was used, and an interaction with ␥-phosphate could therefore not have been detected in that study. This feature may explain why the electron density for Lys 159 was unclear, since this region may only become ordered upon interaction with this phosphate group. NMR experiments using m 7 GpppA revealed that the second nucleoside lies close to the extreme C terminus of eIF4E (residues 199 -206 of the yeast protein) and thus that the capped mRNA extends through a deep cleft between helices ␣ 1 and ␣ 3 , emerging through the positively charged concave face of the ␤-sheet (26) . This feature offers a plausible explanation for the effect of phosphorylation on the binding of eIF4E to m 7 GTP or capped oligonucleotide, which, by introducing negative charge into this region, weakens its interaction with the negatively charged phosphate groups of the ligand. Mutation of Arg 157 , a residue that interacts with the phosphates of the cap structure (15, 26) and that is conserved in all 30 known eIF4E sequences, to lysine almost completely abolished capped RNA binding (Fig. 3C) , whereas a methionyl residue at this position also severely affected m 7 GTP binding (data not shown).
We emphasize that our data argue against a "closure of the cap binding cleft" upon phosphorylation of eIF4E. The formation of a potential salt bridge between the phosphate on Ser 209 and Lys 159 , as suggested by Marcotrigiano et al. (15) would be expected to decrease the association and dissociation rates for binding of eIF4E to the cap. This contrasts with the results in Fig. 3 and Table II in which we show that introduction of a negative charge at position 209 (as an acidic residue or a phosphate group) actually increases the dissociation rate by up to 10-fold.
Recent studies on the eIF4G-associated decapping enzyme Dcp1 in Saccharomyces cerevisiae have shown that eIF4E protects mRNA against degradation (27, 28) . One could speculate that phosphorylation of eIF4E would not only enhance initiation but also increase the susceptibility of the mRNA to decapping and subsequent degradation. However, preliminary in vitro decapping assays using yeast Dcp1 (a kind gift from Dr. R. Parker, University of Arizona, Tucson, AZ) showed that phosphorylated eIF4E protected the RNA against decapping to the same extent as its unphosphorylated counterpart (data not shown).
What implications do our findings have for translation initiation? The fact that phosphorylation of eIF4E weakens its affinity for capped RNA suggests the following possible role for this modification in the initiation process. As depicted in Fig. 5 , eIF4E binds to the mRNA at the cap, leading to the formation of the eIF4F complex. Since the binding of eIF4G enhances its affinity for the cap substantially, these complexes will be tightly associated with the 5Ј-end of the mRNA (21) . An initiation complex can then be assembled, via eIF3, which contains the 40 S subunit and the associated eIF2⅐GTP⅐Met-tRNA i complex required for start site recognition. (It should be noted that the precise sequence of events during complex formation still remains to be established). The left-hand part of Fig. 5 depicts a mechanism that is best in accordance with the commonly assumed positive role of phosphorylation of eIF4E in the reg- ulation of protein synthesis. By decreasing its affinity for the cap/capped mRNA, phosphorylation of eIF4E could facilitate the release of tethered eIF4F from the 5Ј-end of the mRNA, consequently enhancing unwinding/ribosome migration and translation initiation. Given that phosphorylation of eIF4E reduces its affinity for the capped RNA, it would be important for eIF4E only to become phosphorylated once eIF4F had assembled at the cap. This order of events seems to be assured through the binding of the substrate, eIF4E, and its kinases, Mnk1 and Mnk2, to eIF4G.
Binding of eIF4G to eIF4E has previously been shown to have a similar stabilizing effect on the binding to capped RNA as seen upon binding of 4E-BP1 (21). This was not unexpected, since these proteins bind to the same site in eIF4E. Here we show that 4E-BP1 also stabilizes the binding of phosphorylated eIF4E to capped RNA. We anticipate a similar effect of eIF4G. Binding of eIF4G might have additional effects, through its association with several other factors, but so far we have been unsuccessful in purification of the required fragments of eIF4G to test this.
Although concomitant increases in protein synthesis and phosphorylation of eIF4E are well documented under a wide range of conditions (e.g. Ref. 7 and references therein), several lines of evidence suggest that there is not necessarily a causal relationship between these two phenomena. In our hands, transfection of HEK293 cells with active eIF4E kinases (Mnk2, Mnk1T332D) had little if any effect on ongoing rates of translation, either for total protein synthesis or when the translation of a variety of reporter mRNAs was examined. In experiments with stably transfected cell lines, expression of Mnk1 or Mnk2 slightly reduced protein synthesis (29) . This is despite the fact that these manipulations greatly increase the steady-state level of phosphorylation of eIF4E (11, 12, 30) . In HEK293 cells, insulin treatment enhances protein synthesis without affecting the extracellular signal-regulated kinase pathway or the phosphorylation state of eIF4E (30) . On the other hand, in serumstarved HEK293 cells, eIF4E phosphorylation is virtually undetectable, whereas [
35 S]methionine incorporation is readily measurable, indicating that eIF4E phosphorylation is not a prerequisite for stimulation or basal levels of ongoing protein synthesis (9, 30) (data not shown). Finally, some stress conditions will lead to a severe inhibition of protein synthesis although the phosphorylation of eIF4E increased under those conditions (8, 9, 31 ). An explanation for these apparent contradicting results might come from recent data, which suggest that the intact eIF4F complex may be required for de novo initiation events but not for reinitiation (32) . Thus, eIF4E phosphorylation may also be important primarily for de novo initiation, and one can speculate that in tissue culture cells, in which translation rates presumably largely reflect reinitiation, phosphorylation of eIF4E and its influence on capped mRNA binding may only have modest effects on the general rate of translation.
A role for phosphorylation of eIF4E in releasing eIF4F/initiation complexes from the cap would be highly reminiscent of the behavior of RNA polymerase II during transcription initiation. In this process, phosphorylation of the C-terminal domain of this protein by TFIIH allows active transcription complexes to clear the promoter and proceed into transcription elongation (33) . In the case of eIF4E, it is not yet known whether phosphorylation occurs immediately upon docking of eIF4E with the eIF4G⅐Mnk1/2 complex or whether subsequent events (e.g. the binding of eIF3, poly(A)-binding protein, or ribosome) actually facilitate this (e.g. by causing a conformational change in eIF4G to bring Mnk1/2 into closer proximity to eIF4E). This is not straightforward to analyze, and further work will be required to address these issues. It will also be important to study the effect of phosphorylation of eIF4E after cap binding and eIF4F formation on the release of initiation factors or on the scanning process, although techniques to examine quantitatively (e.g. the movement of initiation complexes along the mRNA) remain to be established.
The right-hand part of Fig. 5 shows another possible role of eIF4E phosphorylation. Here, the phosphorylation of eIF4E increases the release of initiation factors from existing translational complexes, allowing other (untranslated) RNAs to become translated. In this way, phosphorylation of eIF4E could play an important role in "reprogramming" of the translational machinery upon stimulation of cells with mitogenic stimuli or cytokines.
